Summary 21
yabA encodes a negative regulator of replication initiation in Bacillus subtilis and 22 homologues are found in many other Gram-positive species. YabA interacts with the β-23 processivity clamp (DnaN) of DNA polymerase and with the replication initiator and 24 transcription factor DnaA. Because of these interactions, YabA has been proposed to modulate 25 the activity of DnaA. We investigated the role of YabA in regulating replication initiation and 26 the activity of DnaA as a transcription factor. We found that YabA function is mainly limited to 27 replication initiation at oriC. Loss of YabA did not significantly alter expression of genes 28 controlled by DnaA during exponential growth or after replication stress, indicating that YabA is 29 not required for modulating DnaA transcriptional activity. We also found that DnaN activates 30 replication initiation apparently through effects on YabA. Furthermore, association of GFP-31
YabA with the replisome correlated with the presence of DnaN at replication forks, but was 32 independent of DnaA. Our results are consistent with models in which YabA inhibits replication 33 initiation at oriC, and perhaps DnaA function at oriC, but not with models in which YabA 34 generally modulates the activity of DnaA in response to replication stress. 35 36 Introduction 37
Bacteria use multiple mechanisms to regulate the initiation of replication and to alter gene 38 expression in response to changes in replication status. The chromosomal origin of replication, 39 oriC, and the replication initiation protein DnaA are key targets for controlling replication 40 initiation in bacteria { (Kaguni, 2006 , Zakrzewska-Czerwinska et al., 2007 , Mott & Berger, 41 2007 , and references therein}. DnaA is highly conserved (Messer, 2002) . It is a member of the 42 AAA+ family of proteins, binds ATP or ADP, and has a weak ATPase activity. In E. coli, and 43 presumably other bacteria, DnaA is active for replication initiation only when in the ATP-bound 44 form (Sekimizu et al., 1987) . During replication initiation, DnaA binds to sequences in oriC and 45 can cause melting of a portion of oriC to generate ssDNA. The ssDNA serves as an assembly 46 region for the replication machinery {reviewed in (Kaguni, 2006 , Mott & Berger, 2007 active form for transcriptional regulation (Kurokawa et al., 1999 , Kaguni, 2006 Czerwinska et al., 2007, Gon et al., 2006) . 86
Because of its ability to interact with both DnaA and the ß-clamp of DNA polymerase, YabA 87 has been proposed to modulate the activity of DnaA, both as a replication initiator and 88 transcription factor, in response to alterations in replication status (Noirot-Gros et al., 2006 , 89 Soufo et al., 2008 . We investigated the role of YabA in regulating replication initiation and in 90 regulating the activity of DnaA as a transcription factor. We found that YabA function is mainly 91 limited to replication initiation at oriC. Loss of YabA did not significantly alter expression of 92 genes controlled by DnaA nor the broader class of genes whose expression is affected in 93 response to inhibition of replication elongation. Our results indicate that YabA is not required 94 for modulating the activity of DnaA as a transcription factor in response to replication stress. 95 We also found that the ß-clamp of DNA polymerase regulates replication initiation and that this 96 regulation appears to be mediated by YabA. Cho et al., 2008) . We found that this increase was 102 not observed in cells initiating replication from a heterologous origin inserted into the 103 chromosome. We compared the effects of deletion and overexpression of yabA on replication in 104 cells initiating from either oriC or the heterologous origin oriN. Initiation from oriN requires its 105 cognate initiator protein RepN and is independent of DnaA . We monitored 106 replication relative to cell growth by measuring the DNA to protein ratio (DNA/protein) of cells 107 in culture (Kadoya et al., 2002) . 108
In cells growing in minimal medium and initiating replication from oriC, a yabA null 109 mutation caused an increase in the DNA to protein ratio of nearly 2-fold relative to that of yabA + 110 cells ( Fig. 1A) . Conversely, overexpression of yabA from a heterologous promoter caused a 111 decrease in the DNA to protein ratio (Fig. 1A) . The effect in the yabA deletion mutant was more 112 severe in minimal medium than in rich medium (data not shown). These results are consistent 113 with previous findings that YabA is a negative regulator of replication ( In contrast to the effects of yabA on replication from oriC, there was little or no effect when 116 replication initiated from the DnaA-independent oriN. We constructed oriC-mutant strains by 117 integrating the heterologous origin of replication, oriN, and its specific replication initiator, repN 118 , Kadoya et al., 2002 , Berkmen & Grossman, 2007 , 119 close to the location of the endogenous origin, and deleting part of oriC (oriC -). Replication from 120 oriN does not require DnaA, but appears to require all other known replication initiation factors 121 that are needed at oriC . Neither deletion nor overexpression of yabA had 122 any detectable effect on the DNA to protein ratios in oriN + oriCstrains ( Fig.1B) . 123 To test directly if DnaA and oriC are required for formation of GFP-YabA foci, we 139 monitored the formation of GFP-YabA foci in oriC mutant cells initiating replication from oriN. 140
Subcellular localization of
We disrupted dnaA in the oriN + oriCcells by integrating a plasmid into dnaA and placing dnaN, 141 the gene downstream, under control of the IPTG inducible promoter Pspac(hy). GFP-YabA still 142 formed foci in the dnaA null mutant strain ( Fig. 2A ). Thus, DnaA is not required for GFP-YabA 143 focus formation. 144
Maintenance of GFP-YabA foci was dependent on ongoing replication. We monitored GFP-145
YabA foci in cells treated with HPUra, an inhibitor of DNA Polymerase III that blocks 146 replication elongation (Neville & Brown, 1972 , Brown, 1970 . Within 15 min of addition of 147 HPUra to cells, foci of GFP-YabA disappeared from >99% of cells in both the dnaA null mutant 148 initiating from oriN ( conditions in which mRNA levels of dnaN were reduced to ~60% of normal and replication was 182 decreased, there was no detectable increase in mRNA levels of SOS genes (data not shown), 183
indicating that the decrease in replication is either due to a very mild decrease in replication 184 elongation or a decrease in replication initiation. 185
Overproduction of ß-clamp stimulates DnaA-dependent replication initiation from oriC 186
Since dnaN encodes the ß-clamp of DNA polymerase holoenzyme and is necessary for 187 replication elongation, it is possible that the increase in DNA synthesis from overexpression of 188 dnaN is due to either an effect of ß-clamp on replication elongation, or due to an ability of ß-189 clamp to modulate replication initiation. We found that the increase in DNA synthesis due to 190 overexpression of dnaN was due to an increase in replication initiation. We monitored DNA 191 replication in asynchronous populations of exponentially growing cells using DNA microarrays, The increase in replication initiation caused by overproduction of the ß-clamp was dependent 198 on replication initiation from oriC. We tested whether overexpression of dnaN affects 199 replication initiation in a strain initiating solely from the heterologous origin oriN. We found 200 that overexpression of dnaN (ß-clamp) in oriN + oriCmutant strains had no significant effect on 201 the DNA to protein ratio (Fig. 3A ). In addition, overexpression of dnaN for 25 (data not shown) 202 or 50 min ( Fig. 3C ) in the oriN + oriCmutant strains had no detectable effect on replication 203 initiation as monitored using DNA microarrays to profile DNA content. These results indicate 204 that the regulatory effects of β-clamp on replication depend on initiation from oriC, and that 205 overexpression of β-clamp, to the levels tested here, stimulates replication initiation. There did 206 not appear to be any significant effects on replication elongation as those are expected to be 207 independent of the origin of replication. DnaA-dependent initiation of replication from oriC to manifest their effects (see above), it is 212 plausible that β-clamp and YabA affect the same rate-limiting step in replication initiation. If this 213 is true, then overexpression of dnaN in a yabA null mutant should not cause an increase in 214 replication above that of the yabA mutant alone. We constructed a strain that contains a deletion 215 of yabA and overexpresses β-clamp (PxylA-dnaN). Each single allele causes overreplication as 216 determined by DNA to protein ratios ( Fig. 3A ). Overexpression of dnaN in the yabA null mutant 217 did not increase the DNA to protein ratio above that in the yabA null mutant alone ( Fig. 3A) , 218 indicating that these effects were not additive and that YabA and the ß-clamp are likely affecting 219 the same rate-limiting step in replication initiation. 220
Gene expression in a yabA null mutant 221
YabA is an attractive candidate for regulating the activity of DnaA in response to replication 222 status. YabA affects replication initiation from the DnaA-dependent oriC, it interacts with both 223
DnaA and DnaN, and its association with the replisome correlates with that of DnaN. To determine if YabA is required for the regulation of DnaA in response to replication stress, 235
we analyzed global gene expression in a yabA null mutant, both during growth and after 236 replication arrest with HPUra. We compared the results to those in isogenic yabA + cells. To 237 eliminate potential pleiotropic effects due to overreplication in yabA null mutants, we did these 238 experiments in strains initiating replication from oriN and containing an inactive oriC. yabA has 239 no effect on replication in these conditions (Fig. 1B) . 240
We found that the yabA null mutation had little or no effect on gene expression during 241 exponential growth ( Fig. 4A ) nor in response to replication arrest ( Fig. 4B ). We plotted the 242 relative mRNA levels for each gene in yabA + cells versus those in the yabA null mutant (Fig. 4A,  243 B). Genes known or thought to be regulated directly by DnaA are indicated with black + or -244 symbols, depending on whether expression increases (+) or decreases (-) in response to 245 replication arrest. All other genes are indicated with gray dots. Most of the values from yabA + 246 cells are the same as or similar to those from the yabA null mutant, both during ongoing 247 replication in exponential growth ( Fig. 4A ) and after replication arrest in cells treated with 248 HPUra (Fig. 4B ). These results indicate that during exponential growth and after replication 249 arrest, there is little or no effect of loss of yabA on gene expression. 250
Using the data from Figures 4A and 4B , we compared the fold change in mRNA levels 251 caused by replication arrest (treatment with HPUra) in yabA + cells to that in the yabA null mutant ( Fig. 4C) . Expression of many genes increases in response to HPUra treatment and many of 253 these are part of the SOS regulon and depend on recA , Goranov et al., 254 2006 . The changes in expression of these genes were similar in the yabA + and the yabA null 255 mutant cells ( Fig 4C) . In addition, most of the genes known or thought to be directly regulated 256 by DnaA (+'s and -'s in Fig. 4 ) also changed expression in response to HPUra, and those 257 changes were similar in the yabA + and yabA null mutant cells ( Fig. 4C) . 258
The magnitudes of the changes in gene expression in response to replication arrest in both 259 yabA+ and yabA null mutant cells initiating replication from oriN were somewhat less than those 260 previously reported for cells initiating replication from oriC (Goranov et genes is already changed in the oriN cells, the magnitude of the effect of replication arrest is 267 muted and less dramatic in these cells compared to cells initiating from oriC. Nevertheless, for 268 many DnaA-regulated genes, there was a significant response to replication stress and there was 269 little or no effect of yabA on this response. DnaA in a distributive manner and that in the absence of YabA, DnaA should be more active 294 throughout the cell. These models also predict that yabA is required for the DnaA-mediated part 295 of the cellular response to replication stress (Soufo et al., 2008) . 296
Our results demonstrate that, under conditions in which yabA had no effect on DNA 297 replication, it had no significant effect on expression of known and putative transcriptional 298 targets of DnaA. There were no significant effects on expression of these genes either during 299 exponential growth or during replication stress. These results demonstrate that YabA is not required to modulate the activity of DnaA in response to replication stress and indicate that 301
YabA does not affect DnaA in a distributive manner. These findings are not consistent with 302 some of the previously proposed models for YabA function. We found that neither a null mutation in nor overexpression of yabA affected the activity of 315 oriN. These findings indicate that the function of YabA in the negative control of replication 316 initiation is specific to the DnaA-dependent oriC. Like the effects of a yabA null mutation, we 317 found that overexpression of dnaN stimulates replication initiation from oriC, but not from oriN. 318
We suspect that this stimulation by increased production of DnaN is likely due to titration of 319 YabA away from oriC. Since the essential chromosomal replication initiation proteins DnaB 320 The use of the heterologous origin of replication, oriN, allowed us to compare directly the 343 ability of GFP-YabA to form foci in cells with and without dnaA. We observed no difference, 344
indicating that neither oriC nor dnaA is required for association of YabA with the replisome. We 345 also found that after inhibition of replication elongation (replication fork arrest), several 346 replisome subunits were still present in foci, but that DnaN (ß-clamp) and YabA were no longer 347 associated with these foci. These findings are consistent with previous results indicating that Using strains in which yabA does not affect replication, we found no evidence that it affects 352 the activity of DnaA or the ability of cells to respond to replication stress. In cells deleted for 353 oriC and initiating replication from the DnaA-independent origin oriN, there was no significant 354 effect of yabA on expression of genes known or thought to be regulated by DnaA during 355 exponential growth. These findings are consistent with conclusions in a previous report that 356 transcription of dnaA and association of DnaA with several chromosomal targets did not change 357 significantly in a yabA null mutant (Cho et al., 2008) . In addition, we found that genes known or 358 thought to be regulated by DnaA still respond to replication stress in the absence of yabA. These 359 results indicate that yabA is not required for modulating the activity of DnaA in response to 360 disruptions in replication and are inconsistent with the model that YabA functions to tether DnaA 361 at the replication fork and release it during replication stress (Soufo et al., 2008) . Taken 362 together, the simplest model for YabA function is that YabA acts locally at oriC to inhibit 363 replication initiation. It is also formally possible that YabA affects DnaA globally, and that this 364 effect is only manifest at oriC and does not alter the ability of DnaA to act as a transcription 365 factor. Although we can not rule it out, we think this possibility is unlikely. 366
Models for the function of YabA and its interactions with DnaA and DnaN 367
YabA does not affect replication initiation from the DnaA-independent oriN, indicating that 368 its function is specific to some aspect of oriC and/or DnaA. Since YabA does not affect DnaA in 369 a distributive manner, that is, it does not appear to affect the ability of DnaA to function as a 370 transcription factor, we favor models in which YabA functions at oriC to inhibit replication 371 initiation. 372 It seems likely that there are at least three aspects to the ability of YabA to inhibit replication 373 initiation from oriC without affecting the global activity of DnaA. First, YabA, although in bulk 374 appears to be with the replication elongation machinery, must get to oriC. Second, it somehow 375 inhibits replication initiation from oriC. Third, that inhibition is somehow relieved, or not 376 complete, so that replication can initiate at the appropriate time in the cell cycle. Assuming that 377 the interactions between YabA and both DnaA and DnaN are important for YabA function, then 378 these interactions could be related to any of the three aspects of the ability of YabA to inhibit 379 replication initiation. 380
There are many possible models that accommodate these three aspects of YabA function. 381 (Mott et al., 2008) , or another aspect of DnaA function that has not been yet appreciated. Both 398 of these models predict that the effects of YabA would be oriC specific, but differ in what aspect 399 of initiation is affected by YabA. It is not yet known how YabA inhibits replication initiation, 400 but it seems to be by a mechanism different from those described for the various factors that 401 regulate replication initiation in E. coli and its relatives {e.g., (Kaguni, 2006) }. 402 403
Experimental procedures 404

Growth media and culture conditions 405
For all experiments, cells were grown with vigorous shaking at 37°C in S7 defined minimal 406 medium with MOPS (morpholinepropanesulfonic acid) buffer at a concentration of 50 mM rather 407 than 100 mM (Jaacks et al., 1989) . The medium was supplemented with 1% glucose, 0.1% 408 glutamate, and required amino acids. In experiments utilizing expression from the xylose-409 inducible promoter PxylA, (PxylA-dnaN and PxylA-gfp-yabA), glucose was replaced with 1% 410 arabinose and expression from PxylA was induced with 0.5% xylose. In experiments utilizing 411 expression from the IPTG-inducible promoters Pspac(hy) or Pspank(hy), expression was induced 412 with 1mM IPTG. Strains containing single crossover constructs were routinely grown in the 413 appropriate antibiotic to maintain selection for the integrated plasmid. Standard concentrations 414 of antibiotics were used (Harwood & Cutting, 1990) . Where indicated, replication elongation 415 was blocked by addition of HPUra (stock in 50mM KOH) to a final concentration of 38 µg/ml. 416
Control cultures were mock treated with KOH. Samples were typically harvested 60 min after 417 treatment with HPUra. 418
Strains and alleles 419
B. subtilis strains are listed in Table 1 and specific alleles are described below. Genetic 420 manipulations were performed using standard protocols (Harwood & Cutting, 1990) . 421 (ypjG-hepT)122 is a deviation in sequences of the ~24 kb chromosomal region from ~ypjG 422 (201.4°) to ~hepT (203.5°) and was described previously (Berkmen & Grossman, 2007) . Briefly, 423 the ypjG-hepT region contains the tryptophan biosynthesis genes (trpABFCDE), and the (ypjG-424 hepT)122 variant likely encodes a heterologous tryptophan operon as strains containing it were 425 transformed to tryptophan-prototropy. 426 ∆yabA::cat is a deletion-insertion that inactivates yabA by replacing it with cat. The allele 427 was generated by the long-flanking homology PCR method (Wach, 1996) it can be deleted in strains capable of initiating chromosomal replication from a heterologous 469 origin such as oriN , Berkmen & Grossman, 2007 , 470 Kadoya et al., 2002 . dnaA was in fact disrupted as evidenced by loss of detectable protein by 471
Western blots and alterations in gene expression consistent with loss of DnaA (data not shown). 472
DNA/protein ratio determination 473
The ratio of DNA to protein was determined as previously described (Lee & Grossman, 474 2006, Kadoya et al., 2002) . Briefly, 25ml of exponentially growing cells were collected at an 475 OD600 ≤ 0.6. DNA and protein were extracted and the concentrations were determined using the 476 diphenylamine reaction (DNA) and the Lowry BioRad DC Protein Assay Kit, with appropriate 477 standards. The ratios for all strains were normalized to wild type (wt = 1.0) grown on the same 478 day and under the same conditions. The average of three biological replicates is presented with 479 error bars representing standard deviation. . Culture samples were added to an equal volume of ice cold methanol and processed as 486 described previously (Goranov et al., 2006) . 487
Use of microarrays to analyze DNA replication. Chromosomal DNA was prepared 488 essentially as described previously (Goranov et The samples were then labeled by conjugation to monofunctional Cy3 or Cy5. The experimental 509 and reference samples were mixed and hybridized to a DNA microarray. GenePix 3.0 (Axon 510
Instruments) was used to analyze microarray images. We included every spot that has ≥70% of 511 the pixels at least one standard deviation over background and has an overall median intensity at 512 least threefold higher than the global background level in one or both Cy3 or Cy5 channels, and was not flagged automatically as Not Found or manually as "bad" during gridding. Data were 514 normalized to set the global median to unity after removal of excluded spots and intergenic 515 regions. Analyses of mRNA levels were done with at least three independent biological 516 replicate. 517
Microscopy 518
Microscopy was performed essentially as described (Lee et al., 2003) . Briefly, cells were 519 placed on 1% agarose pads, and images were captured with a Nikon E800 microscope equipped 520 with a Hamamatsu digital camera. Improvision OpenLabs 2.0 software was used to process 521 images. 522 523 Acknowledgements 524
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